ABSTRACT: The culture of certain fish species to sizes at which they can reproduce has led to the escape of fertilised eggs or 'escape through spawning'. To investigate the extent and ecological importance of spawning in sea-cages for Atlantic cod Gadus morhua (L.), we (1) evaluated the extent, frequency and timing of spawning in cod culture; (2) analysed the quality of eggs released from farms in terms of variation in fatty acids; (3) modelled the distribution of eggs and larvae from a commercial cod culture site; and (4) predicted the post-escape survival of eggs through summarizing existing knowledge on survival rates of different life stages. Collectively, our results indicate that cod farming has the potential to produce large amounts of eggs and larvae through spawning in cages, with numbers of eggs spawned being 4 to 5 times higher in the second than in the first year. Our scenarios suggest that a typical sea-cage with 60 000 fish may produce 1.4 to 21 tons of 3 yr old first generation farmed cod through spawning in sea-cages. The quality of escaped eggs and larvae is likely to be sufficient for larvae to survive until the first feeding, while survival until adulthood, though difficult to predict, may be high under favourable conditions. Simulations indicate that eggs and larvae from farms may mix with those of wild fish during the spawning season, and thus experience comparable larval environments. However, several implementable management measures exist that will diminish the extent of egg escape in future cod farming.
INTRODUCTION
As the demand for protein increases to support a growing global human population, the production of fish in sea-cage aquaculture systems has expanded. While modern, industrial sea-cage aquaculture has been built around salmonids, which do not spawn in sea-cages, the culture of fish species that are marine, pelagic broadcast spawners and that may reproduce within sea-cages has recently increased. These include Atlantic cod Gadus morhua (Jørstad et al. 2008 ) and sea bream Sparus aurata (Dimitriou et al. 2007) . While the extent of escapes of adult fish is relatively well documented in some countries (e.g. Jensen et al. 2010 ) and the potential for negative ecological and/or genetic consequences to occur through escape of adult farmed fish is considered to be important (Bekkevold et al. 2006) , knowledge of the extent and ecological effects of 'escape through spawning' by active reproduction within sea-cages by fish is sparse (Jørstad et al. 2008 , van der Meeren et al. 2012 .
In Atlantic cod farms, some fish mature during the first year of culture, while the majority mature during the second year (Svåsand et al. 1996 , Hansen et al. 2001 , Karlsen et al. 2006 , 2010 . Consequently, almost the entire culture stock in any particular farm has the potential to spawn in seacages. Larvae from genetically marked farmed cod that spawned in a sea-cage have been found up to 8 km from an experimental farm during the natural spawning season of cod (Jørstad et al. 2008) . Preliminary results also indicate that offspring from spawning in the cages survive until reproductive age (van der Meeren et al. 2012) . If spawning occurs within commercial cod farms where numbers of animals are far greater, the contribution of 'escaped' larvae to cod recruitment within a particular fjord or area may be substantial. Thus, it is not unlikely that cod farming could result in genetic changes in wild cod populations, as occurs for Atlantic salmon (Naylor et al. 2005 , Hindar et al. 2006 , Skaala et al. 2006 , Ferguson et al. 2007 ), but not only through the escape of farmed fish from sea-cages.
The extent and effect of spawning within commercial sea-cages is largely unknown, even though it is unquestionable that farmed cod have the potential for producing large numbers of 'escaped' eggs and larvae (van der Meeren et al. 2012) . The effects of spawning in sea-cages will depend not only on the numbers of eggs and larvae that escape, but also on their quality and survival, which are influenced by both innate and environmental factors such as broodstock nutrition, timing of spawning, and dispersal routes following spawning (Kjørsvik et al. 1990 ). Further, the ecological effect of this type of escape will depend on the degree to which local adaptations exist in wild cod stocks, in the same way as is assumed to be the case for wild salmonids (e.g. Glover et al. 2012) .
We evaluated the extent and ecological importance of escape through spawning in sea-cages for Atlantic cod by (1) evaluating the extent, frequency and timing of spawning in commercial cod culture; (2) analysing the quality of eggs released from farms using fatty acid profiles as proxy indicators; (3) modelling the distribution of eggs and larvae from a commercial cod culture site; and (4) predicting the postescape survival of eggs through summarizing existing knowledge on survival rates of different life stages. Finally, we evaluated the need and possibility for implementing mitigative strategies for reducing or preventing escape of eggs.
MATERIALS AND METHODS

Extent, frequency and timing of spawning of Atlantic cod
Fish were sampled from 7 farms distributed from western to northern Norway (Fig. 1) , prior to or during the spawning season of wild cod, from late 2009 to early 2010 and February and March 2011. Fish that had been in sea-cages for ~1 and 2 yr were sampled from 5 (Røsnes, Lyngen, Gildeskål, Frøya and Austevoll) and 4 (Ytterøya, Røsnes, Lyngen and Tysfjord) farms, respectively. The samples were used to determine sex ratio, reproductive status (see below for assessment), gonad size, fecundity and timing of spawning. Morphometric measures included total Fecundity and hatching time was examined for 2 yr old fish from 3 farms following the methods outlined in Thorsen & Kjesbu (2001) and Kjesbu et al. (2010) (Table 1 ). In short, fecundity and spawning time was determined by collecting ovarian tissue that was fixed in 3.6% phosphate-buffered formaldehyde. Automated image analysis (ImageJ, available at: http:// rsb.info.nih.gov/ij) was subsequently used for measuring oocyte diameter for oocytes being > 200 µm. Of the 200 normal (vitellogenic) oocytes measured per sample, the largest 10% were defined as the leading cohort (LC) and the corresponding mean oocyte diameter used to predict time of start of spawning (calendar day) according to Kjesbu et al. (2010) . Individual potential fecundity (i.e. standing stock of oocytes, F p ) was determined from oocyte packing density (number of oocytes g -1 ), estimated from the mean diameter of all 200 oocytes measured in each sample, multiplied by whole ovary weight (Thorsen & Kjesbu 2001) . As F p decreases throughout gonadal development due to atresia (Kjesbu et al. 2010) , the standing stock of oocytes immediately before spawning would be lower than the F p calculated from samples collected at various points in time prior to spawning. To adjust for atresia a linear regression between calculated F p and LC (F p = -8676LC + 10 000 000, r 2 = 0.28) was used to estimate the standing stock of oocytes (oocytes at spawning = F p -[(800 -LC) × 8676]) for an assumed average LC oocyte diameter at spawning (800 µm). Realised fecundity (i.e. the mean number of eggs spawned of the potential fecundity as recorded immediately before spawning, F R ) was then predicted using data on actual proportions of eggs spawned by farmed cod of the same size and condition as examined in the present study (Kjesbu et al. 1991) .
Evaluation of egg quality of farmed and wild Atlantic cod
Variation in lipids and fatty acid compositions may be used as indicators of egg and larval quality and viability in teleost fish, including Atlantic cod (e.g. Sargent et al. 1995 , Pickova et al. 1997 , Salze et al. 2005 , Fuiman & Ojanguren 2011 , Lanes et al. 2012 . Thus variation in fatty acid profiles were analysed for eggs from cod females sampled from 2 farms in northern Norway (Fig. 1, Table 2 ) during March 2010. Simultaneously, wild females were sampled from Malangen bank, a well-known spawning area outside Tromsø (Fig. 1 Author copy separated from wild fish by morphology (Uglem et al. 2011) . None of the wild cod examined in the current study exhibited traits that regularly are found in farmed cod (e.g. deformed mouth, worn dorsal fins or neck deformities). To be certain that wild cod were analysed, fish with even minor signs of one of these morphological deformities/traits commonly seen in escaped farmed cod were not sampled.
Only ripe females (i.e. females with running eggs) were used. Eggs were sampled by applying a gentle pressure on the abdomen. The eggs (5 to 10 g) were stored at −80°C from sampling until analysis. The storage vials were flushed with nitrogen to avoid oxidation of samples before analysis.
Fatty acids were measured with a capillary gas chromatograph (Perkin Elmer, Autosystem XL) according to Kjørsvik et al. (2009) . Duplicates of each sample were analysed and mean values were used in subsequent analyses.
Dispersal of Atlantic cod eggs from farms
To evaluate if escaped cod eggs and larvae mix with those of wild cod, we used a hydrodynamic model that simulated egg and larval drift from 2 spawning areas for wild fish and from a cod farm in Trondheimsfjorden. A 3D coupled numerical model system (SIN-MOD) was used to simulate the currents in the area of interest and a large scale model (20 km) covering the Arctic Ocean, the Nordic Seas and part of the Atlantic Ocean provided boundary conditions for a model with a resolution of 4 km. This model provided in turn boundary conditions for the shelf model with resolution of 800 m. This nesting technique was extended further to 160 m resolution (Fig. 2) . Hydrodynamic variables (velocities, temperature and salinity) were imposed from the coarser model into the model with higher resolution through the open boundaries according to Slagstad & McClimans (2005) . Trondheimsfjorden consists of 3 main basins: Seaward Basin, Midtfjorden and Beitstadfjorden (Fig. 2) . The initial field was interpolated from the larger 800 m model that calculated the boundary conditions. This smooth initial field had some ice in the fjord, so we ran a spin-up period of > 2 mo (January to March 2009) to remove ice and obtain more realistic structures of the hydrography. The buoyancy of cod eggs is relatively independent of normally encountered temperature ranges due to thermal expansion in the egg being nearly equal to that of sea water (Sundnes et al. 1965) , and the vertical distribution of the eggs should not be much affected by temperature as long as there is no ice cover to prevent wind mixing.
Egg releases were simulated from March 15 until April 30 from 3 locations: the 2 most important natural spawning grounds in Trondheimsfjorden (Verrabotn and Verrasundet; J. Mork unpubl. data) and 1 farming location (Fjøsvika at Ytterøya) (Fig. 2) . As the farmed cod stock may spawn 10 to 100 times more eggs than the wild cod stock in Trondheimsfjorden (J. Mork unpubl. data), we 'released' 5 times more eggs in the model from the fish farm compared to the spawning grounds. At the natural spawning grounds, 10 eggs were released from 11 to 20 m over the bottom in 1 m intervals; at the fish farms, 100 eggs were released from 5 to 25 m depth in 0.2 m intervals. In sum 120 eggs were released every half hour until Day 47, which totals > 270 000 eggs over the spawning season.
The buoyancy of eggs was calculated according to Dallavalle (1948) and was valid for Reynolds numbers between 0.5 and 5. We found this more realistic than Stokes formula, which is better suited for still water conditions where viscous forces are more important compared to turbulent forces (Sundby 1997 , Knutsen et al. 2001 . Eggs diameter and density were defined as 1.4 mm and 1.026 (Kjesbu et al. 1992) , respectively, and were assumed to have this buoyancy for 84 day degrees before hatching (J. Mork unpubl. data). Afterwards, larvae and juveniles were treated as passive particles for a total drift time of up to 6 mo.
Prediction of survival of eggs from farmed Atlantic cod
The results from the current project and available data on hatching and survival rates of cod were used to develop 2 simple scenario models that predict survival of escaped eggs and larvae under various conditions. Using data on the sex ratio in farms, proportion of mature individuals after ~1 and 2 yr in the sea (farmed cod are usually slaughtered before they reach 3 yr of age) and number of eggs hatched per female, we estimated the total number of yolk-sac larvae produced by a typical farmed female. Existing knowledge on subsequent survival of cod larvae, juveniles and sub-adults was used to estimate survival to 3 yr old fish (Table 3) . Based on results from the current study (see below) we assumed that 50 and 100% of the females spawn after ~1 and 2 yr in the sea, respectively. The average sizes of 1 and 2 yr old farmed females were set to 1 and 2.5 kg, respectively. Data on survival from spawned egg to later life stages incorporates both fertilization and hatching rate ( ) was either incorporated in the total mortality estimates or assumed to be zero for younger stages. Survival % is calculated from Z and indicates the survival through different life stage periods as indicated in the first column. NCC: Norwegian coastal cod, NEAC: North-east Arctic cod. Italics: values used in the scenario models Author copy farms is not a limiting factor. Finally, existing data on fish body growth rates was used to estimate biomass production from eggs spawned in sea-cages (Froese & Pauly 2012) . Potential density-dependent processes were not taken into account; however, if they occur our survival and biomass estimates should be regarded as overestimates. Fishing mortality is either incorporated in the total mortality estimates or assumed to be zero for younger stages. Two scenario models were developed. The first model (Model 1) simulates survival of eggs and larvae from farms located in sheltered coastal locations (Table 3 ). This model is in part based on results from a study where genetically marked farmed cod were allowed to spawn under controlled conditions (Kristiansen et al. 1997 ). This marker made it possible to separate larvae and juveniles from farmed and wild cod spawning simultaneously in the same area and to estimate the survival of eggs from farmed cod until 1 yr of age. Survival rates from 1 to 3 yr of age are based on several studies where survival in the wild was estimated for Norwegian coastal cod (NCC), which was also used in Kristiansen et al. (1997) ( Table 3) . The second scenario model (Model 2) is based on estimated mean survival rates between 1979 and 1988 for North-east Arctic cod, which is the major population of Atlantic cod in western and northern Norway (Sundby et al. 1989) . The values estimated in the 2 scenario models were number and biomass of surviving 3 yr old fish, escaped as spawned eggs, per farmed fish (both males and females). The basic model was:
( 1) where R 3yr is the number of 3 yr old fish produced per farmed female, W F is the average weight of farmed females just prior to spawning in kg, Spawning proportion is the assumed average percentage of either 1 or 2 yr old females spawning in sea-cages, Relative
, and S 3yr is the assumed survival for the 2 scenarios until 3 yr of age (Table 3) .
When estimating the number of 3 yr old 'semi-wild' fish produced per farmed fish, the sex ratio was taken into account since the basic model estimates number of fish per farmed female only. Hence, the biomass per fish in the farm was estimated by multiplying numbers of first generation cod produced per farm fish with the calculated gross average weight of cod along the Norwegian coast at 3 yr of age (Froese & Pauly 2012) .
RESULTS
Extent, frequency and timing of spawning of farmed Atlantic cod
The average sex ratio determined for 6 farms (N = 4821) was close to 50:50 (females: males, 50.2:49.8%). The maturation rates for females examined during the first year in the sea (first spawning season) varied from 46.5 to 86.2% for the 4 farms without artificial light (Table 4) . Maturation rates for males from the same farms were higher with > 87% of the males being mature in 3 of these farms (Table 4) . Artificial light was applied to only 1 of the examined farms (Gildeskål). Cod in this farm had been transferred to sea-cages 2 to 3 mo later than the other farms and were therefore also smaller; no mature fish were found in the samples from Gildeskål (Table 4) . Almost all fish that were sampled during the second spring (i.e. second spawning season) across 4 seacage farms (n = 252; Ytterøya, Røsnes, Lyngen and Tysfjord farms) were mature, with the exception of 4 males from the Ytterøya farm.
Gonadal developmental stage for fish from the Ytterøya farm (Fig. 1) Table 4 . Gadus morhua. Percentages of 1+ yr old Atlantic cod that had ripe gonads (males and females separately) and would spawn during the first 12 to 14 mo in sea-cages. Additional details given are sampling date, usage of artificial light in sea-cages, husbandry period at sea, length and weight of cod and sample size (N) pared to females (Fig. 3) . The gonad stage index peaked in the last measurement, indicating that much of the spawning took place in March and April at the Ytterøya farm. Time of start of spawning was estimated through measurements of oocyte size for 3 farms (assumed average ocean temperature: 5°C) (Fig. 4) . In the 2 northernmost farms, most females commenced spawning in April. In the Ytterøya farm, the spawning season was more lasting; some females started spawning in February, whereas most initiated spawning in March and April. Because Atlantic cod are batch spawners with an individual spawning period of 3 to 6 wk (Chambers & Waiwood 1996 , is it is reasonable to assume that spawning in sea-cages mainly occurred from March to June in the 2 northernmost farms, and also during February in the southernmost farm. The potential, realised and relative fecundity varied among farms (Table 5) . Females from the Røsnes farm were more productive compared to females from the 2 other farms. The overall mean number of eggs estimated to be spawned per kg female was 629 400 (± SD 219 700). In addition, F p decreased with increasing leading cohort oocyte diameter (Univariate GLM, LC: F = 15.9, df = 1, p < 0.001; Farm: F = 9.3, df = 2, p < 0.001). When farm and LC were taken into account, F p increased with increasing body weight (F = 36.5, df = 1, p < 0.001), while it was not significantly associated with somatic condition (F < 0.1, df = 1, p = 0.98).
Evaluation of egg quality of farmed and wild Atlantic cod
Fatty acid composition of eggs varied both between wild and farmed fish, and between the 2 farms included in the analysis (Fig. 5) . A discriminant analysis on the 4 significant principal components showed that all females could be classified Table 5 . Gadus morhua. Summary of fecundity data (means ± SD) of the 2 yr old female Atlantic cod from 3 farms used for fecundity analyses. Only females with vitellogenic oocytes were used. Potential fecundity: standing stock of maturing oocytes per female, Relative fecundity: potential fecundity per gram wet body weight, Realised fecundity: standing stock of oocytes before spawning corrected for subsequent atresia. Different superscript letters: differences among farms, same letters = no difference (1-way ANOVA with Tukey's post hoc tests, p < 0.05) correctly according to their origin on the basis of variation in fatty acid profiles (Table 6 ). Eggs from farmed fish contained proportionally more saturated and polyunsaturated fatty acids (PUFAs) than wild fish, whereas the levels of monounsaturated fatty acids were highest in eggs from wild fish (Fig. 5 , Table 7 ). The proportions of total n-3 PUFAs did not vary significantly among the 3 groups, but the levels of eicosapentaenoic acid (EPA, C20:5n3) and n-3 doco sapentaenoic acid (DPA, C22:5n3) were higher in eggs from farmed fish, while the level of docosahexaenoic acid (DHA, C22:6n3) was highest for wild fish ( Table 7 ). The proportions of total n-6 PUFAs were approximately twice as high for eggs from farmed fish compared to wild fish (Table 7) . This was basically due to the levels of linoleic acid (LA, C18:2n6) and n-6 docosapentaenoic acid (DA, C22:5n6) in eggs from farmed fish that were 2 to 4 times higher than for wild fish (Table 7 , Fig. 6 ). Arachidonic acid (AA, C20:4n6) levels did not vary among the groups (Table 7 , Fig. 6 ), while fish from the Røs nes farm had less eicosadie noic acid (EA, C20:2n6) compared to the 2 other groups ( Table 7) . As a consequence of the high n-6 PUFA levels, the n-3:n-6 ratio for eggs from wild fish was approximately twice that of farmed fish ( Fig. 6 ; F = 53.7, p < 0.001). The DHA:EPA ratio from wild fish eggs was higher than for eggs from the 2 farms ( Fig. 6 ; F = 30.6, p < 0.001), but there was little variation in EPA:AA ratio among the 3 groups ( Fig. 6 ; F = 0.1, p = 0.9). The egg lipid content (proportion of dry wt ± SD) was not significantly different between eggs from the Røsnes farm (11.7 ± 1.5%) and wild fish (12.2 ± 1.0%), but eggs from the Lyngen farm (13.1 ± 0.8%) contained higher levels of lipid than eggs from wild fish (F = 5.7, p = 0.007).
Dispersal of Atlantic cod eggs from farms
The applied hydrodynamics model showed that the first eggs from the natural spawning ground of Verrasundet enter Beitstadfjorden after 4 d, while the eggs from Verrabotn, located further into this narrow branch of Trondheimsfjorden, did so after ~14 d (Figs. 2 & 7) . Overall there is an anticyclonic circulation in this fjord system and particles coming through Verrasundet typically have an anticyclonic path into central Beitstadfjorden. In contrast to this, after 20 d, the first eggs from the Fjøsvika farm (Ytterøy) exit the fjord at Agdenes (Figs. 2 & 7) . At this time, there was a high concentration of farmed eggs from the Tautra sill and inwards to Skarnsundet (Figs. 2 & 7) . In Beitstadfjorden, mixing of eggs from all 3 sites took place at this point and about a third of the eggs were from the farm (Figs. 2 & 7) . At 28 d after simulated initiation of spawning, eggs from the farm were spread all over the fjord except from Verrasundet, and their concentration was higher along the northern side of the fjord. At this time, however, farmed eggs start to enter Verrasundet as well, while 22% of all naturally spawned eggs still remained within this fjord arm. Table 6 . Gadus morhua. Test statistics from the discrimination analysis regarding separation of farmed and wild Atlantic cod on the basis of 4 significant principal components (PCs)
After 56 d, eggs from the 2 spawning grounds were mixed over much of the fjord, but there were also localized pockets where little mixing occurred. Their concentration north of Skarnsundet was high, and they tended to follow the northern side of Midtfjorden outwards beyond the Tautra sill. Some were caught in eddies in the Seaward Basin and spread, while most continued along the northern side of Trondheimsfjorden toward the coast. About 6% of the eggs from the farm had been advected out of the fjord, while 0.1% of the naturally spawned eggs had been exported at this time. Drift time out of the model area from the farm was on average 29 d, with a range of 17 to 44 d. From the 2 spawning grounds inside Verrafjorden, the average drift time out of the model area was 36 d, with a range of ~28 to 41 d.
Prediction of survival of eggs from farmed Atlantic cod
The scenario model based on estimated survival rates of both farmed and wild coastal cod (Model 1) resulted in a considerable lower number of 3 yr old 'semi-wild' cod due to spawning in cages compared to the model which was based on estimated survival rates of North-east Arctic cod (Model 2, Table 8 ). For instance, Model 1 and 2 result in 1140 and 17 280 three-yr old cod, respectively, if applied to a typical sea-cage with 60 000 cod ( Table 8 ). The biomass produced by spawning in sea-cages is thus much higher for Model 2 compared to Model 1, and lower for spawning during the first season compared with the second (Table 8) 
DISCUSSION
We have demonstrated that a large proportion of farmed Atlantic cod mature in industrial sea-cages both the first and second year of sea-based culture and that the fecundity of farmed cod is high. Furthermore, while the fatty acid composition of farmed and wild cod eggs differed, farmed cod eggs are likely to produce viable larvae upon escape from cages. Egg dispersal modelling suggested that mixing of farmed and wild cod eggs will occur in most parts of a fjord ecosystem and that progeny from both types of fish will experience similar environments, given that farmed cod spawn during the wild cod spawning season. Farms examined during this study were spread over a broad latitudinal range of cod farming; thus the results are likely to be relevant at an industrywide scale. Taken together with previous studies that have indicated that escaped farmed cod eggs can survive until reproductive age (van der Meeren et al. 2012) , our data show that spawning and egg release from sea-cages is a significant process that may have ecological repercussions for these ecosystems unless the extent of spawning within sea-cages is reduced.
Extent, frequency and timing of spawning of Atlantic cod
The natural spawning season of cod in Norway is late winter and early spring. Farmed cod also spawn during this period, although specimens that experience artificial light regimes may spawn at different times compared with wild cod (Hansen et al. 2001 , Karlsen et al. 2006 . However, to evaluate the ecological importance of escape of farmed cod through spawning in sea-cages, further knowledge on the extent, frequency and timing of spawning is required.
Our results showed that between 47 and 86% of the females reared under natural light conditions were sexually mature after ~1 yr in the sea. In the only farm where artificial light was applied, no fish matured during their first spring in sea-cages. This might be a result of the artificial light inhibiting maturation or that these fish were transferred to sea 2 to 3 mo later than the fish from the other farms. If cod juveniles are introduced into sea-cages the preceding summer (or later), the fish could be too small for females to be mature during the first spawning season, while some of the males could mature at weights as low as 300 g (Taranger et al. 2010) . However, the maturation ratio of farmed cod during the first year (1+ fish) may be high even when artificial light is used. According to Trippel et al. (2008) , application of continuous 24 h light within sea-cages compared to natural photoperiod resulted in a lower, but still high, percentage of mature females (73 versus 90%) and males (90 versus 100%). Results from the current study also show that all females and almost all males were mature after 2 yr in the sea across the commercial farms investigated, which ground-truths similar results obtained in experimental settings (Svåsand et al. 1996 , Hansen et al. 2001 , Karlsen et al. 2006 , 2010 .
The spawning seasons of the cod examined in the current study concur with previous observations for farmed cod (e.g. Otterå et al. 2006 ) and overlap with the natural season. In Norwegian waters, wild cod usually spawn during the winter and spring months (January to May), with considerable variation among populations. Typically, populations of cod spawn over a period of < 3 mo (Brander 1994 , Chambers & Waiwood 1996 , and initiation of spawning may depend on environmental or genetic variation (Otterå et al. 2006) . The finding that initiation of spawning varied among the examined farms may thus be both a result of environmental variation or that the origin of the farmed cod differed. As for other fish species with a pelagic egg stage, timing of spawning is likely to be an adaptation to maximize recruitment; too early or too late spawning may mean that the start-feeding larvae will miss the zooplankton bloom, i.e. the match−mismatch hypothesis (e.g. Ellertsen et al. 1981 , Taggart & Frank 1990 , Pepin & Myers 1991 , Sundby 2000 . Zooplankton occurrence was not monitored in the present study; it is therefore difficult to assess whether the spawning of farmed cod took place outside or inside the optimal window for spawning at the different locations. Nevertheless, spawning in cages occurred over a relatively long period, which in part would imply some degree of Table 8 . Gadus morhua. Overview of results from the scenario models. Number and biomass of 3 yr old Atlantic cod escapees originating from spawning in cages presented either per farm fish or for a 'typical' sea-cage holding 60 000 fish overlap. In our assessment of spawning season, the cod were reared under natural light conditions at all except for one farm. Manipulation of light conditions with artificial light sources in cages may delay the spawning time by several months (e.g. Hansen et al. 2001 , Trippel et al. 2008 , Taranger et al. 2010 , potentially causing farmed cod to spawn outside the natural spawning season. The standing stock of oocytes immediately before spawning (realised fecundity) corresponded tõ 630 000 eggs kg −1 body weight across the 3 examined farms. The fecundities we determined from commercial farms are similar or higher than earlier measurements of relative fecundity for farmed cod from experimental farms (Kjesbu et al. 1991 , Kjesbu & Holm 1994 , Karlsen et al. 1995 . Moreover, the estimated relative fecundity was higher than the typically recorded relative fecundity of wild cod (Botros 1962 , Kjesbu 1989 , Kjesbu et al. 1998 . This is most likely related to the good nutrition provided during gonadal maturation for farmed cod (Kjesbu et al. 1991 , Wroblewski et al. 1999 ).
Quality of farmed and wild Atlantic cod eggs
The quality of eggs and larvae is determinative for juvenile fish survival (e.g. Tocher 2010) and thus also to which degree farmed cod may produce 'escaped adult cod' through spawning in cages. We used the variation in biochemical composition of eggs as a proxy for egg quality. Egg fatty acid compositions can be affected by broodstock diet in various fish species (Tocher 2010) , which in turn is important for production of high quality eggs and larvae (Tandler et al. 1995 , Izquierdo et al. 2001 , Pavlov et al. 2004 , Salze et al. 2005 , Fuiman & Ojanguren 2011 , Lanes et al. 2012 . We used stripped, unfertilized cod eggs since we knew the origin of the eggs down to an individual level and since the male contribution through sperm should have little immediate effect on the biochemical composition of the eggs.
Fatty acid profiles of eggs from wild and farmed cod differed significantly, most likely as a result of their different diets. Recently, the fish feed industry has developed feeds that contain substantial amounts of vegetable-derived oils and meals of terrestrial origin that consist mainly of n-6 rather than n-3 PUFAs. Sunflower, soya bean, palm or rapeseed oils are used extensively in fish feed production and result in high concentrations of oleic (18:1n9) and linoleic (18:2n6) acids (Pickova & Mørkøre 2007 , Turchini & Tor stensen 2009 ). Cod eggs from farmed females contained 3 to 4 times more linoleic acid than eggs from wild fish, which supports the assumption that eggs of farmed cod are affected by parental diet.
Fatty acid compositions of the total lipids were relatively similar to those previously reported for cod eggs (e.g. Salze et al. 2005 , Lanes et al. 2012 ) with respect to the total levels of saturated, monounsaturated and polyunsaturated fatty acids. However, several differences with respect to the levels of highly unsaturated fatty acids (HUFAs) were detected. HUFA levels have been reported to be related to egg and larval viability. In marine fish, including cod, 3 HUFAs have been shown to be particularly important for fertilization rates, hatching and early survival: EPA (20:5n3), DHA (22:6n3) and AA (20:4n6) (Pickova et al. 1997 , Sargent et al. 1999a ,b, Pavlov et al. 2004 , Salze et al. 2005 , Lanes et al. 2012 . DHA is important for pelagic fish eggs and larvae (including cod) because neural tissues, such as brain and eyes, contain very high levels of it (Sargent et al. 1995 (Sargent et al. , 2002 . Furthermore, the levels of AA and the DHA: EPA ratio in eggs are usually positively correlated with egg and larval quality criteria, while the EPA: AA ratio is negatively correlated with performance of early life stages (Pickova et al. 1997 , Salze et al. 2005 , Lanes et al. 2012 . We detected that wild cod eggs had higher levels of DHA and a greater DHA:EPA ratio compared with eggs from farmed cod. There was, however, no variation in EPA:AA ratio or AA levels among the wild and farmed cod. This finding contrasts with the results of Salze et al. (2005) who found significant differences among wild and farmed fish in AA levels, the EPA:AA ratio, and also egg performance. Lanes et al. (2012) also found that AA levels in cod eggs from wild broodstock were higher compared with eggs from farmed broodstock, but did not demonstrate any correlation between AA levels and egg quality parameters. The AA levels of wild fish found in the present study were ~2 times lower than those reported previously, but comparable with the levels found for farmed fish (Salze et al. 2005) . However, variation in AA levels might also be under strong genetic influence and represent interpopulation variation in lipid composition (Pickova et al. 1997) .
Thus, in agreement with previous studies, our results indicate that eggs from wild cod might be of better quality than farmed cod (Salze et al. 2005 , Lanes et al. 2012 , even though there was no difference in the levels of AA between wild and farmed cod. The lack of variation in AA may on the other hand suggest that the viability of eggs and larvae of farmed cod is not critically inferior to that of wild fish. This is further supported by the fact that cod on aquaculture diets both mature and spawn viable eggs that hatch, and fish survive to 3 yr of age in the wild and contribute to the recruit pool in fjord and coastal populations of cod (Jørstad et al. 2008 , van der Meeren et al. 2012 . The ability to conclude whether viability differs between eggs and larvae from wild and farmed cod is nevertheless restricted because other biochemical components in cod eggs not measured in the current study also influence egg quality, such as vitamins and the proportion of major lipid classes (Salze et al. 2005 , Lanes et al. 2012 ).
Dispersal of Atlantic cod eggs from farms
Wild cod often spawn in the same areas over time (Wright et al. 2006) . It is likely that these areas are due to evolutionary selection processes and result in maintenance or dispersal of eggs and larvae such as to maximize subsequent survival and growth. Cod farms can be located close to spawning sites for wild cod. Simulations derived from the 3D dispersal model indicated that escaped eggs and larvae from a cod farm located within a fjord mixed with their wild counterparts. If the distributions of eggs and larvae from wild and farmed cod overlap in time and space, it is reasonable to assume that farmed and wild cod eggs and larvae would experience similar early life history environments. As long as egg and larval quality is similar, comparable survival rates between wild and farmed eggs may be expected. The possibility for farmed and wild larvae to mix will, however, most likely vary among locations and years. Potential may exist to reduce the degree of mixing of farmed and wild eggs in fjords if farming locations can be established whereby escaped eggs are rapidly transported out of the fjord system.
Survival of eggs from farmed Atlantic cod
Assumed that half of the females spawn during their first year in the sea and all during their second, Model 1 predicts that 333 farmed fish produce one 3 yr old 'semi-wild' cod during the first year in the sea, while 63 fish are required during the second year. Correspondingly, Model 2 predicts that 21 farm fish would produce one 3 yr old escapee during the first spawning season, while only 4 farm fish would produce one 3 yr old escapee in the second season. These results indicate that the number of adult cod that originate from escaped eggs is 4 to 5 times higher for spawning during the second season in the sea compared with the first. This results from larger body size and higher fecundity and maturation rate. A further implication from the 2 scenarios is that survival will vary greatly under different conditions. The number of 'semi-wild' cod that survive to adulthood under disadvantageous conditions could be low, while spawning in sea-cages could produce considerable numbers of first generation adults under more optimal conditions. However, due to the wide range of variables that may influence egg quality, larval survival, recruitment and survival to adult size, the magnitude of farmed cod entry into wild cod populations through spawning in sea-cages would in practice be unpredictable. Nevertheless, in fjord systems or areas housing local cod stocks where cod farming is significant and where catches of wild cod may be only in the order of 10s to 100s of tons, the impact of spawning in sea-cages could be considerable. For instance, our scenarios suggest that a typical seacage with 60 000 fish may produce 1.4 to 21 t of first generation farmed cod through spawning in seacages. Given most cod farms have multiple cages of this size, the level of escape through spawning that this estimate suggests is significant when compared to known wild cod biomasses in specific fjord systems (e.g. Masfjord: total estimated wild cod biomass = 28 t; Salvanes & Ulltang 1992) . At this scale, recruitment of 3 yr old first generation farmed cod spawned in sea-cages has the potential to swamp recruitment through wild cod spawning.
The survival estimates from the 2 scenario models should be regarded as coarse estimates of possible survival rates of eggs and larvae until 3 yr of age due to the many sources for variation in the underlying data. For instance, the proportions of mature females will vary among farms and whether artificial light has been used to manipulate maturity, which in turn will influence if eggs hatch during periods where food for the developing larvae is present. Fecundity will also vary among farms and ages and the accuracy of estimated survival rates for species with pelagic larvae are in general limited by numerous sources for variation due to methodological constraints and spatio-temporal variation in environmental parameters. In addition, the survival estimates may be overestimated, as it is likely that the survival of larvae from spawning during the first season would be lower than for spawning during the second season (e.g. Solemdal et al. 1993) . This also concurs with recent experiences from the national cod breeding program in Norway, where first time spawners have resulted in much lower egg numbers and reduced production output compared to older broodstock (Ø. J. Hansen pers. comm.). Furthermore, the survival estimates are likely to be overestimates as sperm quality, and subsequent fertilisation success, is reduced for farmed males compared to wild males (Skjaeraasen et al. 2009 , Butts et al. 2011 .
Potential ecological effects of escaped Atlantic cod eggs
Whether the escape of farmed cod through spawning in sea-cages results in negative ecological effects depends on several factors. Farmed cod experience strong artificial selection during their larval phase under intensive culture conditions and also through selective breeding for optimal aquaculture strains. This may change the genetic variability of farmed versus wild cod, which in theory may alter the fitness of wild cod through interbreeding between farm escapees and wild fish. However, occurrence of negative genetic effects due to egg escape depends on the existence of local adaptations in cod populations. Such adaptations have been difficult to demonstrate for Atlantic cod. While growing evidence exists for genetic and spatial divergence over the geographic range of Atlantic cod (Hauser & Carvalho 2008 , Knutsen et al. 2011 , Skjaeraasen et al. 2011 , no conclusive evidence of a link between genetic differences and significant local adaptations exists. The genetic variability of cod is large and the potential for gene flow is high compared to other aquacultured species, such as Atlantic salmon Salmo salar. The probability that heritable local adaptations exist is therefore likely to be lower for cod than salmon. Nevertheless, we cannot exclude the potential for negative genetic effects, especially as intensive selective breeding to create optimal strains for aquaculture is underway. Further, cod are more prone to escape than salmon (Moe et al. 2007) , and the possibility for escape of relatively large numbers of farmed cod exists, either through egg escape (present study) or escape of farmed fish (Bekkevold et al. 2006) .
Paradoxically, escape of farmed cod through spawning in cages may increase 'wild' cod numbers, particularly if local adaptations are of minor importance and fitness is related to phenotypic plasticity. Demographic effects may result: increased recruitment may lead to greater numbers of smaller cod with lower growth rates due to density dependent competition. Correlative evidence exists that this process has occurred in Greece with escape through spawning of sea bream Sparus aurata (Dimitriou et al. 2007 ). However, the many environmental conditions in which farmed−wild hybrid fishes may be at a disadvantage in the wild could mean that any potential benefits of farmed−wild gene flow will be outweighed by its costs in natural situations in the long term (Hindar et al. 1991 , Naylor et al. 2005 , Hutchings & Fraser 2008 .
Conclusions and recommendations to reduce the escape of Atlantic cod eggs from sea-cages
Commercial cod farming as a whole has the potential to produce large amounts of eggs and larvae through spawning in sea-cages. The quality of these eggs and larvae may be sufficient for an unknown proportion of the larvae to survive until first feeding. Farmed and wild eggs and larvae mix in coastal ecosystems and experience similar larval environments. Survival of escaped cod eggs until adult fish may vary significantly and will also be unpredictable. Whether or not escape of cod eggs will generate significant ecological effects is difficult to foresee, but the results from this and other studies indicate that egg escape, in combination with escape of juveniles and adults (e.g. average of 213 000 fish yr −1 from 2005 to 2009 in Norway; Jensen et al. 2010) , may lead to noticeable effects in areas with intensive cod farming and small (reduced) wild fish populations.
The scenario models we developed assumed that farmed cod spawned in sea-cages both at 1 and 2 yr of age. As a result of increased growth rates in commercial cod farming during the last 2 to 3 yr due to selective breeding and improved production methods, it is now common that the desired slaughter size is reached before the second spawning season. This is an advantage for the farmers as the quality and price of farmed cod is higher before the second spawning compared to after spawning. Thus, if specific actions are required to mitigate potential future issues that may occur due to egg escape, a simple, realistic and profitable action to drastically reduce the risk of effects is to make slaughtering of fish before the second spawning season mandatory. In addition, photoperiod manipulation will decrease maturation ratio and fecundity, and delay the spawning time of farmed cod, both under controlled and commercial conditions (Hansen et al. 2001 , Trippel et al. 2008 . As spawning during the first season in the sea produced 4 to 5 times fewer eggs than spawning during the second season, photoperiod manipulation will further reduce the potential for unwanted ecological effects of spawning in sea-cages. Combined, these actions will reduce the escape of cod eggs significantly.
Recent research has shown that production of triploid Atlantic cod may practically eliminate the risk of egg escape, as gamete production by triploid females is delayed and dramatically lowered compared to diploid females (e.g. Feindel et al. 2011) . This is promising as it indicates that triploid females will not mature before harvest, and growth rates will increase through reduced investment in gonad production. However, problems such as initially higher mortality, greater fingerling costs, maturation of triploid males and consumer acceptance need to be solved before production of triploid fish is taken up by industry (Triantafyllidis et al. 2007 , Feindel et al. 2010 . Technical solutions aimed at physically preventing spawned eggs entering the sea have also been suggested. Such solutions could involve the use of closed sea-cages or mechanical filters to remove eggs. However, development of closed cages is still at an early stage and is presently economically nonviable due to high technological and operational costs. 
